ABSTRACT
INTRODUCTION
WHAP performs haplotype-based association analysis, using a method similar to other recent methods (Schaid et al, 2002; Zaykin et al, 2002; Dudbridge, 2003) . We use a weighted maximum likelihood model to account for the potential ambiguity in individuals' statistically-inferred haplotypes. For haplotypes, two types of basic test are available: haplotype-specific tests, i.e. separate 1 degree of freedom tests of each specific haplotype compared with all others; and a single omnibus degree of freedom test, jointly testing all haplotypes. In this Application Note, we introduce WHAP and describe a class of conditional tests that allow multi-locus associations to be dissected by asking "does have an effect independent of ?". Here, and can be single, or multiple, markers or haplotypes.
METHODS
WHAP implements an extension of Sham et al (2004) , which performed well in an independent and comprehensive comparison of haplotype-based case/control association methods (Cordell, 2006) . Briefly, an observed, unphased multi-locus genotype is denoted ; a phased haplotype pair ; a phenotype ; paternal, maternal and offspring indicators are ,! and " . For individuals without genotyped parents, a modified E-M algorithm (Clayton, 2003) is used to obtain the set of possible phases and their probabilities
. When present, both parents are phased separately; assuming independence between paternal and maternal chromosomes and applying basic Mendelian laws, we calculate the probability of each offspring phase consistent with the observed offspring genotypes and parental phase, giving phase probabilities $ # % 2 1 3 ' 0 1 0 4 5 $ 6 7 4 5 $ 8 9 )
. Parental genotypes also allow partitioning of genetic effects in separate between-family @ to whom correspondence should be addressed (based on the expected offspring haplotype counts for each possible parental phase) and within-family (the difference between the observed offspring haplotype counts and the between component) components (Abecasis et al, 2000) . By default, between and within components are equated, but other models can be specified. The contribution to the likelihood from each individual is
terms is parameterized following ordinary linear or logistic regression models and maximum likelihood is used to estimate the regression coefficients as described in Sham et al (2004) .
Finally, a retrospective likelihood using
can be used, which can have some advantages in selected samples (Sham et al, 2000) including the case of affected-only offspring designs. Omitting the individual subscript, the conditional likelihood is in the form
where the numerator sum
represents all phases consistent with the individual's or trio's observed genotypes, whereas the denominator sum
is over all possible phases, regardless of observed genotypes.
Conditional tests
The framework described above allows for a range of basic haplotype tests. WHAP also allows the user to flexibly equate haplotype effects, to group haplotypes and perform cladistic tests, or to test null hypotheses of homogeneous effects rather then no effects. As shown below, this also facilitates conditional testing: once an association signal has been detected, conditional tests can be useful in determining which variant, or variants, is most likely to be causal, as opposed to showing only indirect association due to linkage disequilibrium with the causal variant.
Standard association analysis is concerned with detection, i.e. whether g is associated with the phenotype, where g is an allele, genotype, haplotype or set of haplotypes. In contrast, conditional tests are concerned with dissection, or how to best characterize multiple-marker associations, by asking whether g is associated with the phenotype independent of something else, h . We will consider two (related) conditional tests: the independent effect test (is this variant associated independent of everything else?) and the sole variant test (is everything else associated independent of this variant?). In both cases, "everything else" refers to the local haplotypic background as determined by the markers under study. It is important to note that, unlike all other tests, the sole-variant tests look for one particular marker or haplotype showing a non-significant result, given a significant omnibus test result. This would be consistent with the variant being causal (i.e. nothing else has an independent effect) although this does not of course prove this (as the effect might represent indirect association to local ungenotyped variation).
To illustrate the conditional tests, we simulated a dataset (also available from the author's website) of 200 cases and 200 controls containing 5 SNPs and six common haplotypes. ) suggests that it is appropriate to proceed to conditional testing. 
Purcell et al
Tests can be represented by the models applied under the alternate and null hypotheses. Each model is described by the coefficients for the six haplotypes in order (1 is the reference category; equality constraints only apply within a particular model is II versus III. In WHAP these tests are easily constructed with a few simple commands: the --alt, --null and --constrain keywords. It is also possible to test for independent effects using locus-coding rather than haplotype-coding by entering a variant as a covariate coded to represent allelic dosage and performing a 1 df test 
CONCLUSION
WHAP offers a range of methods for haplotype-based association analysis, with a focus on conditional tests to dissect genetic effects. Although such tests will often be under-powered and inconclusive, other times they will help resolve strong multi-locus association signals as in the example above. Other features of WHAP such as dominant and recessive genetic models, multi-allelic markers and covariates (having main and interacting effects) are described in the on-line documentation. Finally, it should be noted that WHAP is designed for candidate gene studies, or studies of small to moderately-sized chromosomal regions: different tools will be needed for whole genome association studies.
